Abstract. Using observations with the ALOMAR SOUSY radar near Andenes (69.3°N, 16.0°E) from 1994 until 1997 polar mesosphere summer echoes (PMSE) have been investigated in dependence on geomagnetic K indices derived at the Auroral Observatory Tromsù (69.66°N, 18.94°E). During night-time and morning hours a signi®cant correlation between the signal-to-noise ratio (SNR) of the radar results and the geomagnetic K indices could be detected with a maximum correlation near midnight. The correlation becomes markedly smaller in the afternoon and early evening hours with a minimum near 17 UT. This diurnal variation is in reasonable agreement with riometer absorption at Ivalo (68.55°N, 27.28°E) and can be explained by the diurnal variation of ionization due to precipitating high energetic particles. Therefore, a part of the diurnal PMSE variation is caused by this particle precipitation. The variability of the solar EUV variation, however, has no signi®cant in¯uence on the PMSE during the observation period.
Introduction
After the ®rst detection of polar mesosphere summer echoes (PMSE) at Poker Flat, Alaska, in 1979 by Ecklund and Balsley (1981) investigations of this phenomenon have been made with dierent radars at dierent places. However even 20 years after the detection of these unexpectedly strong radar echoes at altitudes between about 80±90 km, during summer months at polar latitudes, not all the details of this phenomenon are fully understood. Radar scatters from the mesosphere are caused by inhomogeneities in the electron density having spatial scales of about half the radar wavelength. Such small-scale electron densitȳ uctuations are normally smoothed by diusion. Large charged particles (water cluster ions, aerosols or ice particles) are necessary to reduce the electron diusivity and maintain these scales as proposed by Kelley et al. (1987) . The occurrence of large particles is markedly supported by the low mesospheric temperatures during polar summer months. A detailed review of existing PMSE observations and theories can be found in Cho and RoÈ ttger (1997) .
Until now there have only been a few investigations concerning the geomagnetic in¯uence upon backscattered mesospheric radar echoes during polar summer conditions. Whereas Rishbeth et al. (1988) reported a connection between geomagnetic ®eld variations and backscattered echo power during one special event, RoÈ ttger et al. (1990) did not ®nd such a connection when investigating another PMSE. Using EISCAT observations at 224 MHz in summer 1991 Bremer et al. (1995) estimated a negative correlation between the PMSE occurrence and the geomagnetic K index of Tromsù.
There are also only very few investigations between PMSE and riometer absorption. These absorption data derived at polar latitudes can be used as a good indicator of enhanced ionization near 80±90 km (Hargreaves, 1979) due to precipitation of energetic particles. Czechowsky et al. (1989) found a small positive correlation of 0.26 between 240 samples of 30 min mean values of the PMSE peak echo power and corresponding riometer data from observations at Andenes in June 1984.
During the summer months of 1994 to 1997 PMSE observations have been carried out with the ALOMAR SOUSY radar (53.5 MHz, 150 kW peak power, range resolution 300 m, time resolution about 1 min) at the international ALOMAR facility near Andenes. Details of the ALOMAR observatory are described by von Zahn et al. (1995) , and more information about the radar can be found in Singer et al. (1995) . In this work the large amount of PMSE data obtained during the 4 years are used to investigate the connection between the backscattered radar echo power (characterized by the signal-to-noise ratio, SNR) and the geomagnetic activity expressed by the 3-h geomagnetic K values of the Auroral Observatory Tromsù.
Experimental results
As shown in detail by Homann et al. (1999) the PMSE season at Andenes starts normally near the middle of May and lasts until the end of August. To exclude the strongly variable parts of this seasonal PMSE variation, only the months June and July have been investigated here. In Fig. 1 the daily values of the geomagnetic activity (daily sum of the eight 3-hourly K values, SK) and of the solar radio¯ux F10.7 are presented for the years 1994±1997. The dashed horizontal lines are the mean values of both parameters over the 2-month periods. The geomagnetic and solar activity are relatively small with highest mean values in 1994 (SK = 24.2, F10.7 = 78.9) and smallest values in 1996/97 (SK = 15.6/15.8, F10.7 = 69.2/71.4). The years investigated are relatively near the solar minimum and, therefore, the geomagnetic and solar activity conditions are mostly quiet or only slightly disturbed.
The SNR values of the PMSE used in the correlation analyses are mean values for the height range 83.0± 87.5 km and 3-hourly intervals according to the geomagnetic K values. In Fig. 2 one example is shown for the correlation between such mean SNR and the K values for the time interval 0±3 UT. Whereas SNR is positively correlated with K ( Fig. 2a) , between SNR and daily F10.7 values no marked correlation could be found (Fig. 2b) . The thick lines are the regression lines calculated from the individual data (circles).
The results of the correlation analyses in dependence on time (UT) are summarized in Fig. 3 . In the upper part ( Fig. 3a ) the correlation coecients r(SNR, K) are presented together with the signi®cance levels of 99% (dotted lines, estimated after Fisher's F-test, for details see Taubenheim 1969) , in the lower part ( Fig. 3b ) the corresponding correlation data r(SNR, F10.7) are shown. Here the results of simple correlation analyses are used instead of partial correlation coecients derived from a twofold regression analysis SNR(K, F10.7). The results of these dierent analyses, however, do not dier markedly as the correlation between K and F10.7 for the investigated time interval is near zero. The correlation between SNR and K is signi®cant with a reliability of more than 99% for all time intervals between about 20±12 UT with a maximum correlation near midnight. In the afternoon the correlation becomes markedly smaller with a minimum near 17 UT. The time resolution is not very high due to the 3-hourly time intervals used. In contrast to the correlation between SNR and K, the correlation between SNR and the solar activity index F10.7 is near zero and in all cases not signi®cant (see Fig. 3b) .
Another possibility to demonstrate the in¯uence of geomagnetic activity on the diurnal variation of SNR is shown in Fig. 4 . The two mean SNR curves in Fig. 4a have been separately calculated from the data of June and July 1994±1997 for low (SK < 12) and high geomagnetic activity (SK > 18). As to be expected after the correlation results of Fig. 3 the SNR during night and forenoon is clearly higher for geomagnetically disturbed than for quiet conditions. This feature can more clearly be seen in Fig. 4b where the dierence of SNR for disturbed and quiet conditions is shown with a maximum near midnight and a minimum near 17 UT. The shape of this curve is in good agreement with the diurnal variation of the correlation r(SNR, K) of Fig. 3a .
Discussion
As shown in Figs. 3 and 4 the backscattered radar power (SNR) is positively correlated with the geomagnetic activity mainly during nighttime and forenoon. The physical reason for this behaviour should be precipitation events of high energetic particles which are in one case positively connected with the geomagnetic activity and which in the other more often observed during nighttime and in the early morning hours than in the afternoon period. The increasing ionization due to enhanced particle precipitation should then cause stronger backscattered radar echoes. This interpretation is con®rmed by simultaneous and common volume PMSE radar measurements and NLC (noctilucent cloud) lidar observations at ALOMAR (von Zahn and Bremer, 1999) . Normally an excellent correlation of both phenomena could be found indicating that for both phenomena small ice particles play an essential role. But there are also some cases where NLC have been observed but no PMSE (type 2 after a classi®cation introduced by von Zahn and Bremer, 1999). These cases have mostly been observed near between SNR and solar activity indices F10.7 using data for June and July 1994±1997. The dotted lines mark 99% signi®cance levels midnight and at very quiet geomagnetic conditions. Here it was assumed that the ionization is too small to create detectable PMSE.
If the diurnal variations shown in Figs. 3a and 4b are mainly caused by precipitating particles then a similar diurnal variation should also be observed in riometer measurements at polar latitudes because it is known from earlier investigations that the cosmic noise absorption (CNA) is a good quantity to describe enhanced ionization due to precipitation of high energetic particles. In Fig. 5 the mean diurnal variation of the cosmic noise absorption CNA at 29.9 MHz is shown for the station Ivalo (68.55°N, 27.28°E) using all data of June and July 1994±1997. In principle also riometer observations are carried out at Andenes and other stations in northern Europe, but here often only raw data are available and there are no exact absorption values derived from scaled raw data and the undisturbed reference curve (quiet-day curve). For the derivation of representative mean diurnal variations the data of the Finnish riometer chain are very suitable (published in special data bulletins or available via the Internet by the Geophysical Observatory SodankylaÈ ). The diurnal variation of CNA at Ivalo is presented in Fig. 5 . To demonstrate that this variation is typical for auroral latitudes near 69°N the monthly mean values of Ivalo are compared in Fig. 6 with the data of KilpisjaÈ rvi (69.05°N, 20.78°E) for June 1994 (unfortunately only data of this month are available from KilpisjaÈ rvi during the period of investigation). The main features of both curves agree quite well, individual dierences may be caused by dierent data gaps in both measurements. The diurnal variation of CNA at Ivalo (Fig. 5 , and also at KilpisjaÈ rvi as shown in Fig. 6 ) is in surprisingly good agreement with the correlation curve in Fig. 3a and the DSNR variation in Fig. 4b . Therefore, the diurnal variation of the strength of PMSE is markedly in¯u-enced by the diurnal variation of the particle induced ionization. This statement can furthermore be con®rmed by CNA variations shown in Fig. 7 . In the upper part (Fig. 7a ) the mean diurnal CNA variation has been estimated from the observations in June and July 1994± 1997 for low (SK < 12) and high geomagnetic activity (SK > 18). The dierence between both curves, as presented in Fig. 7b , agrees rather well with the DSNR curve of Fig. 4b . The connection between SNR and CNA can also be con®rmed by correlation calculations between both quantities. One example is shown in Fig. 8 where both data sets for the time interval 0±3 UT are presented with the derived regression line. The correlation coecient r(SNR, CNA) = 0.28 is not very high but due to the large number of data included (N = 116) signi®cant at more than 99%. During the morning hours this correlation increases to 0.37 whereas in the evening hours the correlation becomes markedly smaller and is not signi®cant. The results of Figs. 5±8 con®rm the statement given that the PMSE is markedly in¯uenced by particle precipitation.
As derived by Homann et al. (1999) the diurnal variation of PMSE is mainly characterized by a pronounced SNR maximum near 12±13 UT and a clear minimum near 18±20 UT, whereas a more variable secondary maximum near midnight/early morning is detected. This behaviour was also detected by Czechowsky et al. (1989) , Kirkwood et al. (1995) , and Williams et al. (1995) . All these authors tried to ®nd a connection to tidal winds. In a recent paper Homann et al. (1999) demonstrated that a part of this diurnal variation of SNR could be explained by a transport of cold/warm air from polar/equatorial latitudes by tidal wind components. This correlation is signi®cant, but nevertheless the derived correlation coecients are not very strong (in Fig. 7a, b . Mean diurnal variation of CNA at Ivalo for a two dierent levels of geomagnetic activity (SK < 12 and SK > 18) and b of the dierence DCNA = CNA(S > 18) ) CNA(S < 12) using data from June and July 1994±1997 Fig. 8 . Dependence of SNR (83.0±87.5 km, Andenes) on CNA (Ivalo) for the time interval 0±3 UT using data from June and July 1994±1997. The straight line is the regression line Fig. 9 . Diurnal variation of SNR (83.0±87.5 km, Andenes) for the years 1994±1997 with data from June and July the order of 0.25). One reason of the low correlation may be the in¯uence of the diurnal variation of ionization due to particle precipitation. The results of Fig. 4 con®rm this statement. Here the diurnal SNR variation at low geomagnetic activity has nearly no secondary maximum near midnight/early morning whereas at high activity a clear secondary maximum occurs. Similar features can also be found in Fig. 9 where the mean diurnal SNR variations (again for the height range 83.0±87.5 km) are presented for the years 1994 until 1997 separately. A clear semidiurnal variation can be seen only during the years with enhanced geomagnetic activity (1994 and 1995) . The years with very small activity (1996 and 1997), however, have only a very small secondary maximum during nighttime.
Contrary to the clear geomagnetic eect on the strength of the PMSE no signi®cant in¯uence of solar activity expressed by the solar 10.7 cm radio¯ux on PMSE could be found (see Fig. 3b ). This result is rather surprising and can only be explained by the fact that the solar activity changes during the years investigated are relatively small with maximum variations between F10.7 = 65 F F F 90. Similar investigations at higher solar activity should be used to verify this result.
Contrary to the results with the ALOMAR SOUSY radar at 53.5 MHz during the years 1994±1997 presented here, Bremer et al. (1995) found a negative correlation between PMSE occurrence after EISCAT VHF radar observations (224 MHz) and geomagnetic activity. A possible explanation of such a negative correlation could be a destruction of heavy water cluster ions by a strong particle precipitation. The EISCAT measurements have been carried out in 1991, a year near the solar activity maximum with clearly stronger geomagnetic disturbances than in the years 1994±1997. Therefore, the investigations of the geomagnetic control of PMSE have to be repeated in future with observations during years at high solar/geomagnetic activity to decide if the detected dierences are caused by the levels of geomagnetic activity or by the dierent radar frequencies used.
Summary and conclusions
Using observations with the ALOMAR SOUSY radar at Andenes during the summer months June and July 1994 until 1997 the following results could be derived:
1. The signal-to-noise ratio (SNR) of polar mesosphere summer echoes (PMSE) is positively correlated with the geomagnetic activity. The correlation is signi®cant at more than 99% during time period between about 20 UT and 12 UT with a maximum near midnight. During the afternoon the correlation becomes smaller with a minimum near 17 UT. The reason of this diurnal variation is the variation of ionization due to precipitation of high energetic particles. 2. The diurnal variation of SNR is markedly in¯uenced by the diurnal variation of precipitating particles. In particular the secondary maximum of SNR near midnight/early morning is strongly dependent on geomagnetic activity. 3. The in¯uence of solar activity on PMSE is very small, probably caused by the relatively small activity changes in the years investigated.
Future activities are directed towards repeating such investigations concerning the in¯uence of solar and geomagnetic activity on the structure of polar mesosphere summer echoes.
